[Abstract] Cyclic di-guanosine monophosphate (c-di-GMP) is a ubiquitous second messenger that regulates distinct aspects of bacterial physiology. It is synthesized by diguanylate cyclases (DGCs) and hydrolyzed by phosphodiesterases (PDEs). To date, the activities of DGC and PDE are commonly assessed by phenotypic assays, mass spectrometry analysis of intracellular c-di-GMP concentration, or riboswitch-based fluorescent biosensors. However, some of these methods require cutting-edge equipment, which might not be available in every laboratory. Here, we report a new simple, convenient and cost-effective system to assess the function of DGCs and PDEs in E. coli. This system utilizes the high specificity of a riboswitch to c-di-GMP and its ability to regulate the expression of a downstream β-galactosidase reporter gene in response to c-di-GMP concentrations. In this protocol, we delineate the construction of this system and its use to assess the activity of DGC and PDE enzymes.
activity in agar-growing cells. For that, the Vc2 riboswitch (Sudarsan et al., 2008) is fused translationally to lacZY and integrated into the chromosome of E. coli strain TOP10. Vc2 is an 'off' riboswitch from Vibrio cholerae and thus down-regulates the expression of β-galactosidase when c-di-GMP is bound ( Figure 1 ). The stable integration into the Tn7 attachment site in the chromosome of E. coli avoids copy number effects and eliminates the need to use an antibiotic resistance marker. Changes in c-di-GMP levels are subsequently translated to the alteration in β-galactosidase expression, which is reflected by the color change of the colony growing on an agar plate containing 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal). This assay can be used, for instance, to reveal the function of proteins under physiological condition and to assess the enzymatic activity of proteins that are challenging to be purified and tested in vitro. However, the Vc2-based assay described
here is a qualitative assessment of the change in intracellular c-di-GMP concentration. Quantification is not crucial for a screening assay, but would be advantageous in, for example, measuring the activity of enzymes. We have demonstrated that the Vc2-based assay can be exploited to verify the activity of www.bio-protocol.org/e2753 Table   1 .
www.bio-protocol.org/e2753 b. Plate cells on LB agar plates containing both ampicillin (100 μg/ml) and gentamicin (30 μg/ml). The plates are incubated at 37 °C overnight. h. Take pictures of the plate using a digital camera.
Data analysis
1. Assessment of the activity of DGC by the Vc2-based assay: after spotted on X-gal containing plates, the color of colonies is monitored periodically. Figure 3 shows the color after 24 h incubation at 28 °C. It is explicit that cells expressing DGCs have whiter color due to the riboswitch inhibition of β-galactosidase expression upon high c-di-GMP levels compared with the corresponding mutant and vector control. 3. Different L-(+)-arabinose and IPTG concentrations need to be tested to achieve the most discriminating color contrast between diguanylate cyclase, phosphodiesterase and control.
4. It is important that diguanylate cyclase and phosphodiesterase are cloned into compatible vectors containing different antibiotic resistance markers and compatible origins of replication.
5. The specificity of the Vc2-based riboswitch towards other cyclic di-nucleotides has not been tested in this work. 
